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INACTIVATION OF VIRUSES FOR VACCINE PURPOSES USING
IONIZING RADIATION AND NEAT**
Several attempts have been made to use ionizing radiation as a means of
inactivating viruses so that they can be employed as killed vaccines. Suc-
cess has been achieved with a rabies virus, and trials have also been made
with poliomyelitis virus.""7 These methods have not been used for practical
purposes, partly because of their novelty, because of the expense in the
original setting up of the equipment, and partly because successful vaccines
have been produced by other means.
In the light of modern studies of radiation action on viruses, it seems
worth while to consider the relative advantages of ionizing radiation for
inactivating viruses. We wish to see whether the expense and elaboration
necessary might be practical. To do this we need to evaluate the funda-
mental studies of the action of ionizing radiation on viruses. This work has
been in progress since 1937 and was begun separately in three nations by
Holweck and co-workers in Paris, Lea and co-workers in England, and
Gowen and Price in the United States.'5 The use of ionizing radiation to
measure virus size, in particular, has been exploited by Bonet-Maury.5
A large share of the work in the Biophysics Department at Yale Univer-
sity for the past six years has been on the inactivation of viruses by ionizing
radiation. This study has been concerned with the effects of radiation in
many properties of bacterial, plant, and animal viruses. To summarize the
results we can say that the infectivity property of viruses is highly sensitive
to ionizing radiation. It can be characterized in terms of relative volume by
saying that the sensitive volume for inactivation of a virus by ionizing
radiation is rarely less than 1/20 of the whole virus. In terms of densely
ionizing particles such as deuterons or alpha particles the sensitive area
which is then concerned with such inactivation is very rarely less than one-
half of the area of the whole virus.
In strong contrast to the infectivity is the sensitivity of serological com-
bination. For tobacco mosaic virus sensitivity is very low, so that measure-
ments have hardly been possible because of the side-effects produced by the
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intense bombardment. Putting the relative sensitivities into numbers whicl
are familiar to all, one can say that the molecular weight for inactivation
of the infectivity of a virus corresponds to a molecular weight of about
30,000,000. By this we mean that an ionization within an object of molecu-
lar weight 30,000,000 would cause inactivation. On the other hand, the
serologically sensitive volume seems to be of the order of a molecular weight
of 10,000. This is the basis for the use of ionizing radiation to prepare a
vaccine. The passage of a heavy charged particle through a virus will
inactivate at the most two surface antigens, one at the entrance and one at
the exit, whereas it will almost certainly cause the inactivation of virus
infectivity.
One very important series of experiments is lacking. This would be aimed
at testing whether a virus which retains a given fraction of its serological
combining power has the power to produce antibodies in the same degree.
A very incomplete set of trials on T-1 phage was made in the author's
laboratory by Jane Setlow, W. P. McNulty, Ethel Tessman, and C. Woese.'
It was shown that deuteron bombarded, wet heat inactivated, and dry heat
inactivated T-1 which were not able to produce plaques nevertheless elicited
good antibody response. The work of Traub, Friedemann, Brasch, and
Huber on rabies virus indicated that for doses between 1.5 and 4.7 million
rep the resulting vaccine had dropped somewhat in potency against chal-
lenge virus. The loss of the ability to elicit antibodies could perhaps be
analyzed to correspond to a molecular unit of 45,000 molecular weight."0
However, the experiments were not designed to test this particular point.
Since it is by no means a certain conclusion that the sites on the molecule
which combine with antiserum are the same as those which elicit production
of antibodies, experiments should be set up specifically to test this point.
Until then, we can take as a trial hypothesis that the fraction of a virus
needed to elicit antibodies from an animal is the same as that which conm-
bines with antiserum.
Studies in the laboratory have also shown that there is strong coiubined
thermal and radiation action."' This is most clear in the case of infectivity
and has been demonstrated satisfactorily for one virus and for a number of
enzymes."" The pattern of behavior of such enzyme molecules is quite
clear, in that the combined effect of ionizing radiation and heat produces a
more slowly varying thermal inactivation which starts at a lower tempera-
ture than ordinary thermal inactivation. Thus bombarding with ionizing
radiation, at about 100 below the temperature at which heat alone will cause
inactivation of a virus, will produce a considerably greater effect on the
virus than similar bombardment at low temperatures. The effect of heat onl
the serologically combining portion of the virus has also been studied, and it
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it clear that the thermal sensitivity of the virus surface is less than that of
the infective center, but that serological sensitivity changes more rapidly
with temperature than infectivity. Thus a virus which is inactivated at over
1000 in the wet state could conceivably lose its serological properties before
it loses its infectivity, though both will be inactivated very rapidly. On the
other hand, a virus inactivated slowly at 50° is likely to lose its infectivity
without any loss of serological properties. By combining the two it should
be possible to irradiate a virus at a temperature which is insufficient to
inactivate it thermally, but which in the presence of ionizing radiation will
potentiate the action considerably, so that a strong combined effect on
infectivity will result with very little effect on the serological activity.
Of great importance in the production of a killed vaccine is the inactiva-
tion of the whole population of the virus. Virus preparations such as polio,
produced by ordinary methods, usually fail to show a simple logarithmic
type of inactivation. This is illustrated in the thermal inactivation work of
Kraft and Pollard8 which shows that the polio virus has two components,
one of which activated quite slowly and at rather high temperatures. It is
necessary, however, to inactivate all components, including the insensitive,
and if bombardment is used, this means we must bombard much harder than
would at first seem necessary. The result of this is that the antigenic part
of the virus is damaged. To some extent the use of heavily ionizing particles
will give more simply logarithmic inactivations and so require a relatively
smaller bombardment for the destruction of infectivity. The best method
seems to be the combined use of heavily ionizing radiation and thermal
inactivation. These two together seem to exert an action which reduces the
less sensitive component markedly in amount and permits the damage of
the infective part of the virus without damage to the surface of the virus.
This double method of inactivation has not been tried very much in a practi-
cal way but the theoretical reasons which underlie the methods of inactiva-
tion would suggest that it is by far the best method. The theoretical reasons
are now given.
The inactivation of a protein or nucleic acid molecule by the direct action
of ionizing radiation seems to be caused by the removal of an electron from
an atom in a long chain. The positive charge so produced can be neutralized
by an electron from a neighboring atom but this produces a positive charge
nearby which in turn is open to neutralization with the attendant formation
of a nearby positive charge. Thus, until the electron removed in the ioniza-
tion process can return and remove the separation of charge, there is a rapid
migration along the covalent bonds in the molecule. This rapid migration of
a deficiency in electronic content causes also a migration of an anomalous
bond all over the molecule, since each covalent bond depends on electron
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exchange between pairs of atoms and an electron removed is no longer one
which can exchange.
A molecule can survive such a migrating weak spot if no bond is opened
which can be followed by a permanent alteration. In the series of experi-
mental studies of ionizing action made by the Yale group, a large fraction
of enzymes and antigens require more than one ionization occurring simul-
taneously to remove the biological activity. Evidently, two or three weak
MULTIPLE ANTIGENIC
LONG CHAIN
CONCERNED
WITH INFECTIVITY ENTRANCE
FACTOR
migrating bonds are more effective than one. This is perhaps related to the
need for a permanent alteration in a new configuration before inactivation
takes place. Studies by Alexander, Black, and Charlesby2 indicate that cross
linking of an isobutyl polymer can take place. Possibly this is the process
referred to as alteration in a new configuration.
In the case of a virus we are dealing with a model possibly something
like the figure (which is schematic only). The ionizing radiation, to remove
infectivity, must damage some vital unit. There are many of these, but
undoubtedly the most vulnerable are the large nucleic acid, or nucleopro-
tein, units in the virus center. The breaking of these long chains by radiation
can be thought of as a mechanism which results in lost infectivity. Such
breaking probably requires creation of three ion pairs situated closely to-
gether in the chain molecule. Alternatively, the bonding between the long
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chain coiled up molecule and the protein or lipid surface coat may become
disrupted. If this happens, the integrity of the long chain may be broken.
Thus heavy irradiation of the outer coat may produce effects on infectivity
even though the inner chain is not hit. The vital damage, then, consists of
either a triple ionization in the chain, or energy delivered to the coat which
destroys the bonding to the coat and so weakens and breaks the chain.
It must be remembered that these remarks are in terms of a schematic
model. Actually, such a model is not necessary for our conclusions; it is
merely helpful in visualizing the sort of process which is taking place.
Turning now to the serologically active coating, it is clear that if it were
highly multiple, the damage due to migrating weak bonds would be confined
to one or two molecules in the surface. The net effect on the serological
activity would therefore be very small. If we take two sets of figures for
tobacco mosaic virus, data by Pollard and Dimond"3 indicate that the effec-
tive area of the infective part of the virus for deuteron bombardment is
2.1 x 10-11 cm2 while the effective area for inactivation of the surface
antigen is 1.5 x 10-14 cm2.4 By effective area, we mean the area within
which a deuteron must pass in order to remove infectivity or the surface
antigen. These figures mean that if n is the amount of virus infectivity left
after bombardment by a dose of D deuterons per square centimeter, no the
original value before bombardment, then
ln n = 2.1 x 10-11D.
no,
Similarly, if Ao and A are the serological affinities before and after bom-
bardment, we have
in A = -1.5 x 10-14D.
Ao
If we now make the requirement that n/no is 1O1A, to correspond to a safe
vaccine, we have D = 1.1 x 1012 particles per square centimeter. The value
of A/Ao for such a dose is 0.97 or 97 per cent. Thus the antigenic surface is
97 per cent intact.
Such figures are very impressive but they leave out two very important
practical features. The first is that most virus preparations are not homoge-
neous but contain populations of low sensitivity. Some of this low sensitivity
may be related to the lack of synchrony in the original cells, but in any event
it is a practical matter of great importance and is the major reason why
ultraviolet light is difficult to use. The second factor is the presence in the
preparation of quite dangerous compounds which can produce effects which
are equal to or worse than the effects of the virus itself. The second feature
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may militate against using such preparations for vaccines. The first merely
makes it harder.
The practical problem, then, also contains the necessity for removing
infectivity from all, including a resistant fraction, of the population. One
way to do this is to bombard harder. This would certainly work for TMV.
For polio, however, Pollard and Kraft"' found a value of 6.0 x 10-12 cm2
for the infectivity cross section and if we take the large antigen of southern
bean mosaic virus or the serum blocking unit of T-1 bacteriophage to repre-
sent the (hitherto unknown) area of the poliomyelitis antigen cross section,
we find that for reduction in infectivity by a factor of 1010 the antigenic
surface is only 57 per cent intact. A greater degree of virus resistance thus
necessitates the destruction of much of the antigenic surface. A second way
of removing infectivity which is presented in this paper is to combine ther-
mal and ionizing radiation inactivation. This gives a more favorable reten-
tion of the antigenic surface for a given destruction of the infectivity.
The thermal inactivation of a virus which has an homogeneous population
follows in general first order kinetics, obeying the relation ln n/no = kit,
where k1 is a reaction constant and t is the time in seconds. The reaction
constant, in turn, can be described by the theory of absolute reaction rates as
ki_ kTeAS±/Re AHt/RT .... (A)7
where k is Boltzmann's constant, h is Planck's constant, T is absolute
temperature, AS+ is the entropy of activation, AH# is the heat of activa-
tion, and R is the gas constant. Values for AH= for loss of infectivity are
about 95,000, with values of AS+ of 207, while for loss of serological
activity AH4 and AS+ are higher-more of the order of 165,000 and 370.
Where these two are well separated, thermal inactivation alone can pro-
duce a satisfactory vaccine. But again the multiple population problem
introduces severe complication. Thus for MEF1 polio, Kraft and Pollard
found at least two components in lyophilized virus, which inactivated in the
dry state with AH+ of 28,800 and 20,800 respectively.
Returning for a moment to the theory of inactivation, it seems likely that
something takes place in thermal inactivation which is similar to the mechan-
ism suggested for ionizing radiation. That is, a breaking of bonds, with a
permanent change of configuration, takes place. This has been specifically
discussed by Augenstine.' Now for loss of infectivity the values of AH=
suggest a lower number of bonds broken than for serology. If we combine
heat and ionizing radiation, the substance can be brought to a temperature
at which it is very sensitive to radiation. Under such circumstances the
cross section of a molecule which is at a temperature that would produce
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thermal inactivation in about one hour is often much greater than the actual
cross section of the molecule itself, indicating a transfer of energy into the
molecule from nearby. By utilizing this principle, the infectivity cross sec-
tion may be raised to a value in excess of the physical cross section of the
virus, while the cross section for serological inactivation, having more
sharply varying thermal constants, may not be changed at all.
If we take T-1 bacteriophage, for which some measurements exist, we
have, for the dry state, for infectivity and serology the following figures.
AH+ (infectivity) = 27,500 calories per mole; AS+ (infectivity) = 0
calories per mole per degree
AH+ (serology) = 56,500 calories per mole; AS+ (serology) = 57
calories per mole per degree
At 105° C. the inactivation volume for ionizing radiation is 20 x 1018 cm3
(as compared with 3 x 1018 cm3 at 200 C.). Once again if we required that
n/no = 101 we find, using the relatione' for inactivation by fast cathode
rays (or, essentially, x-rays also)
ln n/no=- VI
we find -10 x 2.3 =-VI
or 2.3 =20xj1018 I
I = 1.15 x 10'7 ionizing events per unit volume.
Assuming an energy release of 110 e.v. is one ionizing event, we find a dose
in rep of 1.9 x 105, a very reasonable figure. Such a dose can readily be
given in 10 minutes by many quite modest sources of ionization. Heat alone
will reduce the infectivity (according to equation (A)) with a reaction
constant k1 given by
k= 2.07 x 1010 x 378 e-27,500/1.98 x 378
= 7.8 x 104
The amount inactivated in 10 minutes is obtained from the relation ln n/no
_-k1 x 120, and we find n/no to be essentially unity. By substituting the
numbers A/Ao we obtain for serology a figure even closer to unity,
meaning that no surface destruction at all has taken place. If wet inactiva-
tion is used, then at 60° C. the virus is sensitized to ionizing radiation to
the same extent as in the above calculation. The thermal reaction constants
are such that even less inactivation of any kind takes place in 10 minutes.
Thus we see, in one specific example for which actual data are available,
that the effect of the double stress of ionization and heat is to inactivate the
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sensitive infective part very thoroughly, while leaving the less sensitive
parts essentially undamaged.
It therefore seems as though a trial of the inactivation of clean virus
preparations by cathode rays, deuterons, or even intense x-rays, at a tem-
perature gauged to be about that at which thermal inactivation to 37 per
cent occurs in a few hours, should yield fully killed but actively antigenic
virus preparations. With the modern availability of sources of ionizing
radiation the cost should not be abnormally high, and the safety factors
should be enough to render elaborate process control relatively unnecessary.
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